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Introduction

Traumatic brain injury (TBI) is an important clinical prob-
lem, brings not only high mortality but much severe seque-
lae, such as movement obstacles and cognitive deficits. 
Acute TBI is characterized by a primary and a secondary 
injury. Primary brain injury is the direct injury to the brain 
parenchyma at the time of the initial impact, which can be 
both focal and diffuse depending on the biomechanics of the 
impact. The secondary brain injury is caused by a combina-
tion of neuronal and vascular damage, proteolytic pathways, 
excitotoxicity, oxygen-free radicals, apoptosis, inflamma-
tory processes, and ischemia (Graham et al. 1993; McIntosh 
1994; Werner and Engelhard 2007). In fact, the time-window 
between primary and secondary damage may offer a valua-
ble opportunity for treatment for patients to be administered. 
Therefore, the fast and appropriate drug and nutritional inter-
vention is beneficial to improve survival rates and prognosis.

Taurine (2-aminoethane sulfonic acid) is a condition-
ally essential, non-protein amino acid present in blood and 
tissues of mammals. It exists in the neurons by free form, 
which is an important natural nutritional factor in the pro-
cess of brain growth and development. Natural taurine has 
emerged as an alternative candidate for therapeutic inter-
vention since it is involved in neuroprotection and regen-
eration after injury in the nervous system (Rak et al. 2014; 
Menzie et al. 2014). Many studies have demonstrated that 
taurine plays critical role in the aspects of detoxification, 
membrane stabilization, osmoregulation, neurotransmis-
sion, calcium homeostasis, and antioxidant (Huxtable 
1992; Schaffer et  al. 2000; Georgia et  al. 2003; El Idrissi 
2008). A recent study suggested that supplementation with 
taurine and other nutrients are helpful for patients’ recov-
ery from TBI (Curtis and Epstein 2014). Except for TBI 
model, based on many other experimental models, taurine 
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was also widely studied. Sun et  al. (2012) demonstrated 
that treatment with taurine markedly reduced neurological 
deficits, lessened brain swelling, attenuated cell death, and 
decreased the infarct volume 72  h after ischemia in a rat 
model of stroke. They also demonstrated the dose-depend-
ent protection of taurine against experimental closed head 
injury in rats (Sun et al. 2015). Yang et al. (2013) reported 
that taurine had beneficial effects on inhibiting mitochon-
dria-dependent cell apoptosis in rat cardiomyocytes.

Our previous paper has investigated the interaction of 
taurine with the cascade of inflammation and examined the 
impact of taurine on cerebral edema, astrocyte activity and 
neurological function in a rat model of TBI (Su et al. 2014). 
In the present paper, we evaluated the multifaceted protec-
tive effects of taurine based on TBI model, which refer to 
the ultrastructure of nerve cells in cortex and hippocampus, 
function of mitochondria respiratory chain complex, state of 
hemodynamics and change of cerebral blood flow (CBF).

Materials and methods

Reagents

Taurine, defatted BSA and coomassie brilliant blue were 
purchased from Sigma (St. Louis, MO, USA). Janus Green 
B was from Fluka. The kits of tissue mitochondria isolation 
(GMS10006.3) and mitochondria Complex I (GMS50007), 
II (GMS50008), IV (GMS500010) reagents were all pur-
chased from GenMed Company (Shanghai, China). 
Thrombelastography (TEG) kit was from Haemoscope 
Corporation. Sucrose, chloral hydrate, paraformaldehyde 
and glutaraldehyde were of analytical grade.

TBI model

Adult male Sprague–Dawley rats, weighing between 
280  ±  20  g were obtained from the Laboratory Animal 
Center of Academy of Military Medical Sciences (Beijing, 
China). Animals were maintained under specific pathogen-
free conditions (25–28  °C, relative humidity 55 ±  15  %, 
12-h light/dark cycles). Thirty rats were randomized into 
three groups (ten rats each group). (1) Sham group: rats 
were subjected to identical surgical procedures except for 
brain injury, and administered saline only; (2) TBI group: 
rats were subjected to lateral fluid percussion injury (FPI) 
in the left brain and received saline only; (3) taurine group: 
rats were administered with taurine (200  mg/kg) by tail 
intravenous injection, once daily for 7 days after TBI. All 
rats were killed 7 days after TBI for further analysis.

TBI model was modified from previous study (Kelley 
et  al. 2006). Rats were intraperitoneally anesthetized with 
10 % chloral hydrate (10 μl/100 g), and then immobilized in 

a stereotaxic frame. After exposing the skull, a 5.0-mm crani-
otomy was performed over the left parietal bone, 4.5 mm pos-
terior from bregma and 2.5 mm lateral to the sagittal suture, 
ensuring the integrity of the dura. A female Luer-Lock fitting 
was then cemented to the skull with craniofacial cement. The 
rats were connected to the fluid percussion device (University 
of Virginia, USA) via the Leur-Lock fitting, and an overpres-
sure of 1.8 atmosphere (atm) was delivered to cause a moder-
ate brain injury. Body temperature was monitored by a rectal 
probe, maintaining at 37 ± 1 °C with a heating pad during the 
experiment. After surgery, the skin was closed with staples 
and rats were allowed to recover from anesthesia.

Monitor of cerebral blood flow

A laser Doppler device (LDF, Periflux System 5000, Per-
imed AB, Sweden) was used to measure CBF. After expos-
ing the skull, two 1.0 mm bone windows were performed 
over the left and right skull, which were 2  mm posterior 
from bregma and 2  mm lateral to the middle line, ensur-
ing the integrity of the dura. Two 403 probes were then 
symmetrically fixed on the left and right bone windows for 
CBF monitoring. There are three monitoring time points 
including pre-injury, 30 min and day 7 of post-injury, last-
ing 30 min for every point. The mean CBF values (Perimed 
Unit, Pu) for the three time points were automatically cal-
culated by the LDF software.

Detection of hemodynamics

Before animals were killed, sodium citrate anti-coagulated 
whole blood from carotid vein blood was obtained. The 
changes of hemodynamics were detected by Thrombelas-
tography (TEG®5000 Hemostatic Analyzer, Haemoscope 
Corporation, USA). The detection was according to the 
instruction of TEG. The parameters include reaction time 
(R), clot kinetics (K, α), maximum amplitude (MA), time 
to MA and coagulation index (CI). The implications of the 
six coagulation parameters were given in the Table 1.

Transmission electron microscopy (TEM) of neuron 
in cortex and hippocampus

Two rats in each group were for TEM detection. The cer-
ebral cortex and hippocampus tissues of injured left brain 
were separated quickly and cut into 1  mm3 sections. The 
specimen was first fixed with 2.5 % glutaraldehyde in phos-
phate buffer saline (PBS) for more than 4 h, washed three 
times with PBS, then post-fixed with 1 % OsO4 in PBS for 
1 h and washed. The specimen was then dehydrated by gra-
dient concentration of ethanol (30, 50, 70, 80, 90, 95 and 
100  %) for about 15–20  min at each step, transferred to 
absolute acetone for 20 min. The specimen was placed in 
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the mixture of acetone and resin and kept for appropriate 
temperature and time. Specimen was placed in capsules 
contained embedding medium and heated at 70  °C for 
about 9  h. The specimen sections were stained by uranyl 
acetate and alkaline lead citrate for 15  min, respectively, 
and finally observed by the transmission electron device 
(Philips EM208s, Philips Co Holland).

Detection of mitochondrial respiration chain enzyme 
activity

Eight rats in each group were used for enzyme detection, 
which were killed by decapitation under anesthesia. The 
brains were separated quickly on ice, then washed with 
cold PBS and weighed. The brains were put into the cold 
GenMed lysis buffer (5  ml/g) and vortexed for 5  s. The 
tissues were then homogenized for 8–10 times by electro-
homogenizer (ULTRA-TURRAX T8, IKA-Werke Co., 
Germany). The homogenate was centrifuged at 1500g for 
10  min at 4  °C. The supernatant was collected and cen-
trifuged at 10,000g for 10 min at 4  °C. The pellet (crude 
mitochondria) was collected and resuspended with 3  ml 
GenMed store medium, centrifuged at 10,000g for 5 min at 
4 °C. The acquired pellet was the purified mitochondria. It 
was resuspended with 1 ml GenMed store buffer. The activ-
ity and purity of mitochondrial isolation were identified 
by Janus green B stain and electro-scope detection. The 
mitochondrial protein concentration was determined using 
the Bradford method. Finally, the activities of Complex I 
(reduced nicotinamide adenine dinucleotide dehydroge-
nase, NADH dehydrogenase), Complex II (succinate dehy-
drogenase, SDH) and Complex IV (cytochrome C oxidore-
ductase, CCO) were detected according to the instructions 
based on enzyme-substrate reaction.

Statistical analysis

Data were analyzed using SPSS 20.0 software (SPSS 
Inc., Chicago, IL, USA). All values are expressed as 
mean  ±  SD. Comparisons between groups were statisti-
cally evaluated by Student’s test or one way ANOVA with a 
post hoc Fisher’s test. Graphpad Prism 5.0 was used to cre-
ate the artwork. A probability of P < 0.05 was considered 
to be statistically significant.

Results

Comparison of CBF

Compared with the sham group, CBF of the left brain cor-
tex obviously decreased for TBI and taurine groups 30 min 
after injury. After taurine treatment for 7 days, CBF of the 
left brain cortex in the taurine group became significantly 
higher than in the TBI group (Fig. 1a). The change trend of 
CBF in the right brain cortex was similar as that in the left 
brain (Fig. 1b). However, CBF of the right brain cortex was 
significantly increased than that of the left brain cortex for 
TBI and taurine group 30 min after injury (P < 0.05). There 
was no significant difference to be monitored for CBF of 
the left and right brain cortex 7 days after injury.

Changes of hemodynamics

Reaction time in taurine group was significantly prolonged 
compared with TBI group (P < 0.05). Compared with the 
sham group, Time to MA was significantly shortened in 
TBI group. There was no difference to be observed for the 
other parameters (Table 1).

Table 1   The main 
hemodynamics 
parameters detected by 
thromboelastography

Data are expressed as mean ± SD, n = 10. * P < 0.05 vs. sham group, # P < 0.05 vs. TBI group

The implications of the above hemodynamics parameters

Reaction time (R, min): represents the enzymatic portion of coagulation, which is prolonged by anticoagu-
lants and factor deficiencies and shortened by hypercoagulable conditions; clot kinetics (K, min): K time is 
a measure of the speed to reach a certain level of clot strength and represents clot kinetics; Alpha: meas-
ures the rapidity of fibrin build-up and cross-linking (clot strengthening) and represents fibrinogen level; 
maximum amplitude (MA, mm): MA is a direct function of the maximum dynamic properties of fibrin and 
platelet bonding via GP IIb/IIIa and represents the ultimate strength of the fibrin clot and represents platelet 
function/aggregation; time to MA (TMA): TMA is a global measurement of the dynamics of clot kinet-
ics, can be described as the time needed to form a stable clot; coagulation index (CI): CI that describes the 
patient’s overall coagulation is derived from the R, K, MA and angle (α) of native or kaolin/celite-activated 
whole blood tracings

Group R (min) K (min) Alpha MA (mm) TMA (min) CI

Sham 2.75 ± 1.19 1.30 ± 0.76 73.8 ± 8.74 70.9 ± 6.05 23.43 ± 4.62 4.2 ± 1.47

TBI 2.72 ± 0.63 1.03 ± 0. 16 76.46 ± 2.44 68.94 ± 5.09 20.11 ± 3.7* 4.28 ± 0.8

Tau 3.52 ± 1.09# 1.05 ± 0.25 74.99 ± 3.28 72.8 ± 5.57 21.73 ± 1.37 4.11 ± 1.0
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The ultrastructure of nerve cells

Compared with the sham group, the ultrastructure of some 
cells in cortex and hippocampus was severely damaged in 
the TBI group characterized by cell shrinkage and denatu-
ralization, mitochondrion swelling, reticulum expansion 
and late-onset hematoma (Fig.  2b, e, h, k). After taurine 
treatment for 7 days, the nerve cells almost returned to nor-
mal with the performance of integrated nuclear membrane, 
normal organelles structure and uniform chromatin density 
(Fig. 2c, f, i, l).

The enzyme activity of mitochondrial respiratory chain

Complex I activity of taurine group significantly increased 
than that of TBI group for the left brain (Fig. 3a). Complex 
II activities of taurine group significantly increased than 
that of TBI group for both the left and right brain (Fig. 3b). 
There was no difference to be detected for Complex IV 
activity among the three groups, while Complex IV activ-
ity for the left brain was significantly higher than the right 
brain (P < 0.05) (Fig. 3c).

Discussion

CBF reduction appears at the early stage of TBI. CBF 
decreases and brain swelling after TBI is the result of 
edema, which results in elevation of the intracranial pres-
sure (ICP) with subsequent impairment of cerebral perfu-
sion and metabolism (Jaggi et al. 1990; Soustiel and Sviri 
2007). Our result showed that CBF immediately decreased 
at 30  min post-injury, which was coincided with some 
other studies (Yuan et al. 1988; Hlatky et al. 2004; Dagal 
and Lam 2011). Regulation of CBF is extremely complex. 
Studies have identified three main regulatory paradigms 
involved in the regulation of CBF: cerebral autoregula-
tion, flow-metabolism coupling, and neurogenic regula-
tion. (Peterson et al. 2011). Cerebral autoregulation can be 
impaired in any degree of TBI, which is one of the multiple 

factors involved in the pathophysiology of TBI. In fact, 
reduced CBF in clinical and experimental TBI settings 
is well known and can contribute to ischemia and brain 
damage (Marion et al. 1991a; Rangel-Castilla et al. 2008; 
Kallakuri et al. 2015). Taurine, as a neuroprotective agent, 
has been reported to protect from TBI through several dif-
ferent inhibitory mechanisms referring to inhibiting cyto-
toxicity and apoptosis, reducing edema and inflammation, 
lowing oxidative stress, and depressing mitochondria-
mediated cell death, etc. (Aly and Khafagy 2014; Bouma 
et al. 1991; Kim and Cha 2014; Setyarani et al. 2014; Zhou 
et al. 2006). Our data showed that taurine treatment signifi-
cantly improved CBF of injured ipsilateral and contralat-
eral brain cortex at 30 min post-injury. CBF increased more 
obviously after taurine treatment for 7  days. We consider 
the synthesizing effects of taurine make it beneficial to 
improve CBF and further alleviate edema, ICP elevation 
and the other brain dysfunctions.

Coagulopathy is a common phenomenon in TBI and 
a major contributor to a poor outcome, therefore, early 
diagnosis and intervention is important. At present, TEG 
has resurfaced as an ideal test in the trauma population 
to help guide the clinician in the administration of blood 
components in a goal directed fashion (Luddington 2005; 
Windeløv et al. 2011; Johansson et al. 2013). TBI is asso-
ciated with the hypercoagulable state, the mechanism and 
duration of which remain unclear. Taurine is known for 
its beneficial effects in hypercoagulable state (Guan et  al. 
2011; Roşca et al. 2013). Recently, Tapia et al. (2013) have 
utilized TEG to analyze the influence of taurine on hemo-
static profile in rats, which suggested that taurine exerts a 
protective effect against the hypercoagulable state. In this 
study, we sought to observe whether taurine could improve 
the hypercoagulable state for TBI by detecting parameters 
of the coagulation profile. The data showed that taurine sig-
nificantly increase reaction time compared with TBI group, 
which suggested that taurine could improve the hypercoag-
ulable state by exerting the similar effect as anticoagulants.

Mitochondria are the important intracellular organelles 
of eukaryote that generate energy for cellular processes by 

Fig. 1   CBF changes of the left 
and right brain cortex. Three 
monitoring time points were 
pre-injury, 30 min and day 7 
after injury, lasting 30 min for 
every point. a CBF change of 
the left brain cortex; b CBF 
change of the right brain 
cortex. Data are expressed as 
mean ± SD, n = 10. *P < 0.05 
vs. sham group, #P < 0.05 vs. 
TBI group
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Fig. 2   The ultrastructure 
changes of neurons in cortex 
and hippocampus. The sham 
group, TBI group and taurine 
group were in turn listed from 
left to right for each row. a–f 
The low-power (×6000) and 
high-power (×16,000) fields of 
neurons in cortex, respectively. 
g–l The low-power (×6000) and 
high-power (×16,000) fields 
of neurons in hippocampus, 
respectively
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producing ATP (Papa 1996). Abnormalities in mitochon-
drial morphology cause key events in the progression of 
neuronal injury and are commonly observed in TBI (Balan 
et al. 2013; Hiebert et al. 2015). The ultrastructural figures 
in our study showed that mitochondria became swelling 
both in cortex and hippocampus after TBI, whereas taurine 
treatment for 7 days could alleviate the swelling of mito-
chondria and other organelles.

The mitochondrial respiratory chain is located on the 
inner membrane of mitochondria and comprised of four 
large trans-membrane protein complexes (Complexes I–
IV). After TBI, mitochondria early happen to pathologi-
cal changes accompany with energy metabolism dysfunc-
tion  (Chen and Chan 2009; Liesa et  al. 2009; Jahani-Asl 
et al. 2011). Studies have demonstrated that the respiratory 
enzyme activity decreased after TBI (Xiong et  al. 1997) 
and ischemic-hypoxia brain injury (Keelan et  al. 1999). 
TBI can also influence the enterocyte mitochondrial res-
piratory function and enzyme activities leading to gastro-
intestinal dysfunction (Zhu et  al. 2014). A recent study 
supposed a hypothesis that post-traumatic cytotoxic edema 
is directly related to mitochondrial function (Vlodavsky 
et al. 2015). Taurine has been proven to improve the activ-
ity of respiratory chain complex by depressing mitochon-
dria-mediated cell death (Sun et  al. 2011), removing free 
radicals and lowering oxidative stress (Sun et  al. 2014). 
The study based on taurine-deficient heart model showed 
that the taurine-deficient heart is energy starved primarily 
because of impaired respiratory chain function (Schaffer 

et  al. 2016). Schaffer et  al. found that taurine deficiency 
reduced the biosynthesis of mitochondria encoded proteins 
ND5 and ND6, which was consistent with their finding 
that respiratory chain complex I activity was also reduced 
by taurine deficiency. Since the assembly of the respira-
tory chain complexes depends upon an abundant supply of 
mitochondria encoded proteins. They therefore suggested a 
novel mechanism that taurine specifically alters complex I 
through alterations in mitochondrial protein biosynthesis, 
which provides an explanation for the antioxidant activ-
ity of taurine (Jong et  al. 2012; Schaffer et  al. 2014a, b). 
Our results showed that taurine significantly increased the 
activities of mitochondrial respiratory Complexes I and II, 
which was consistent with the studies of Schaffer et al. We 
considered it might be also related with the effect of taurine 
on regulating CBF and alleviating mitochondria swelling. 
Because of the importance of mitochondrial respiratory 
chain complex in oxygen supply, these results gave more 
evidence for taurine functioning as an indirect antioxidant.

It has been evidenced that increased oxidative stress was 
associated with mitochondrial dysfunction characterized by 
enhanced superoxide and reactive oxygen species genera-
tion, the inactivation of the oxidant sensitive enzyme, and 
the oxidation of glutathione. Some studies have reported 
the underlying mechanism about the anti-oxidative ability 
of taurine. The results from Schaffer et  al. demonstrated 
that taurine’s antioxidant activity is linked to improved 
mitochondrial function, which diminishes mitochondrial 
superoxide generation. They also supplied that taurine 

Fig. 3   The brain tissue 
mitochondria respiration chain 
complexes activities. Mitochon-
dria were exacted by differential 
centrifugation at 4 °C, and 
protein concentration was meas-
ured by the Bradford method. 
a Complex I (NADH dehydro-
genase); b Complex II (SDH); 
c Complex IV (CCO). Data are 
expressed as mean ± SD, n = 8. 
*P < 0.05 vs. sham group, 
#P < 0.05 vs. TBI group
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could regulate mitochondrial protein synthesis, thereby 
enhancing electron transport chain activity and protecting 
the mitochondria against excessive superoxide generation 
(Schaffer et al. 2014a, b; Shimada et al. 2015). According 
to our results, we conclude that taurine may exert antioxi-
dant effect by improving the damaged activities of mito-
chondrial respiratory chain caused by TBI.

The inhibition on neuronal cell apoptosis is another impor-
tant effect of taurine. High levels of oxidants generated by 
mitochondrial dysfunction following with TBI are key con-
tributors to neuronal cell death through necrotic and apoptotic 
mechanisms. High levels of oxidants elicit neuronal apopto-
sis through the actions of proapoptotic Bcl-2 family mem-
bers resulting in mitochondrial permeability transition pore 
opening. In addition, accumulation of misfolded proteins and 
high levels of oxidants can elicit endoplasmic reticulum (ER) 
stress pathways which may also contribute to induction of 
apoptosis. Actually we have studied the anti-apoptosis effect 
of taurine on hypoxic glial cells. We detected the apoptosis 
rate and relative mRNA expression level of Bax and Bcl-2 by 
flow cytometry and RT-PCR methods, respectively. Our data 
showed that taurine was beneficial to low the apoptosis rate 
and increase Bcl-2 mRNA expression (data not shown in the 
present manuscript). To protect against extraneous stresses, 
cells possess quality control processes, such as the ubiqui-
tin–proteasome system (UPS) and autophagy, which can 
rejuvenate cells through the degradation of damaged proteins 
and organelles. Jong et al. (2015) demonstrated that taurine 
deficiency triggers the induction of the UPS and autophagy 
but the degradation activity that mediates cellular clearance 
is defective. Wu et  al. demonstrated that taurine could pre-
vent calcium overload and was also capable of preventing ER 
stress by inhibiting specific ER stress pathways (Pan et  al. 
2012; Gharibani et al. 2013; Prentice et al. 2015).

Cerebral hypoxia and/or ischemia following with brain 
injury elicit neuronal glutamate release increasing. Gluta-
mate excitotoxicity is known to result in calcium overload, 
mitochondrial dysfunction, high level generation of oxi-
dants and a loss of mitochondrial membrane potential. Wu 
et al. have done a great deal of work about the anti-gluta-
mate toxicity and calcium overload effects of taurine based 
on animal and neuronal cell stroke models. They found 
that taurine protected against glutamate excitotoxicity and 
cellular damage through the regulation of three ER stress 
pathways, i.e., suppressing ATF6 and IRE1 pathways (Pan 
et al. 2012; Gharibani et al. 2013; Prentice et al. 2015). Our 
results showed that taurine could alleviate mitochondria 
swelling and increase the activity of mitochondrial res-
piratory complex. Since mitochondrial function is closely 
linked to glutamate toxicity, calcium overload and oxida-
tive stress, we concluded taurine also exerted the anti-glu-
tamate toxicity effect by keeping the normal mitochondria 
morphological structure and respiratory complex activity.

Inflammation is also an important event in brain injury. 
TBI can also elicit a complex inflammatory responses 
characterized by glial activation, neutrophil and mac-
rophage recruitment, upregulation of adhesion mole-
cules, and secretion of cytokines (Werner and Engelhard 
2007; Lotocki et  al. 2009), which cause diffuse brain 
edema and neurological functional deficits. Taurine has 
been reported to have potent anti-inflammation effects by 
diminishing the productions of cytokines, such as IL-1b, 
IL-6 and TNF-α in the spinal cord injury and ischemic 
stroke models (Nakajima et  al. 2010; Sun et  al. 2012). 
Our previous study showed that taurine could reduce 
inflammation in TBI by decreasing the expressions of 
pro-inflammatory cytokines including IL-1α, IL-1β, 
TNF-α, IFN-γ, IL-6, GM-CSF, etc. (Su et al. 2014). Our 
present study showed that taurine was beneficial to alle-
viate mitochondria swelling which may be associated 
with its function on diminishing the productions of pro-
inflammatory cytokines.

In summary, we demonstrated the protective effects of 
Taurine on SD rats following with TBI referring to regulat-
ing coagulation and CBF state, reducing neuron damage in 
cortex and hippocampus and improving enzyme activity of 
mitochondria. The data provided evidences to support the 
hypothesis that taurine exerts protective function through 
various pathways. Further studies are needed to elucidate 
the detailed mechanism by which taurine protects the brain 
from traumatic injury.
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